The impact of metabolic stress on host response to bacterial infection remains poorly characterized. Results: Intracellular bacteria (Shigella, Salmonella, and Listeria) induce cytoplasmic U bodies through metabolic stress. Conclusion: Bacterial infection and metabolic stress affect the splicing machinery. Significance: Regulation of U snRNA maturation is a novel checkpoint in innate immunity.
RNA splicing is a fundamental process regulating gene expression that involves the modification of nascent premessenger RNA via removal of introns and joining of exonic sequences. In eukaryotes, the machinery driving the splicing process depends on the spliceosome, a set of core catalytic RNA-protein complexes and more than 150 other protein splicing factors (1) . Uridine-rich small nuclear ribonucleic acid (U snRNA) molecules function as building blocks of the spliceosome and associate with specific sets of proteins to form complexes known as uridine-rich small nuclear ribonucleoproteins (U snRNPs) 3 (2) (3) (4) . The survival of motor neuron (SMN) complex, which consists of nine different proteins including SMN and Gemin proteins 2-8, is directly involved in the cytoplasmic maturation of U snRNAs (5) . The major spliceosome, which is made up of U snRNAs U1, U2, U4, U5, and U6, is responsible for splicing the majority of mRNA transcripts within the cell, whereas the minor spliceosome serves to splice a less frequent class of pre-mRNA introns and comprises U11, U12, U4atac, and U6atac.
With the exception of U6 and U6atac, seven of the nine spliceosomal U snRNAs are exported into the cytoplasm via the CBC-PHAX-RanGTP transport complex guided by the m 7 G cap of the nascent U snRNAs (6) . After association with free Gemin 5 in the cytoplasm, the U snRNAs are then directed to the SMN complex, which facilitates the assembly of a stable "ring"-shaped heptameric core consisting of Sm proteins B, D1, D2, D3, E, F, and G. The SMN complex recognizes and binds to not only the Sm proteins but also to the U snRNAs directly via stringent recognition of specific uridine-rich sequence and structural motifs (7) . The resulting Sm ϩ U snRNPs undergo a maturation step in which the 5Ј 7-trimethylguanosine cap is hypermethylated by the TGS1 enzyme to form a 2,2,7-trimethylguanosine (TMG) cap. The mature U snRNPs are then imported back into the nucleus and undergo further modifica-tions in the Cajal bodies prior to assembly into the spliceosome complexes (8) .
It has been well studied that a primary means of energy conservation during times of cellular stress occurs by halting protein translation. One of the important stress pathways that drive protein translation arrest is the integrated stress response (ISR) pathway, which causes phosphorylation of the translation initiation factor eIF2␣ (9) . Translation initiation involves the interaction of eIF2 with the initiator Met-tRNA and GTP to form a ternary complex followed by hydrolysis of eIF2-GTP complex via interaction with the guanine nucleotide exchange factor eIF2B (9) . Phosphorylation of the eIF2␣ subunit causes the protein to act as competitive inhibitor of guanine nucleotide exchange factor eIF2B, thus preventing the recycling of eIF2-GTP. This results in a translational blockade on the bulk of cellular transcripts while paradoxically increasing expression of stress response genes, such as transcription factors ATF4 and ATF3 (10) . Consequently, expression of downstream adaptive response genes is induced, including those involved in amino acid (AA) synthesis, cellular redox status, and regulation of autophagy and apoptosis (11, 12) . Four protein kinases are known to induce eIF2␣ phosphorylation in response to different environmental stresses: general controlled nonderepressible 2 (GCN2), heme-regulated inhibitor, protein kinase R (PKR), and PKR-like endoplasmic reticulum kinase (13) . GCN2 and PKR-like endoplasmic reticulum kinase are triggered by AA depletion and endoplasmic reticulum (ER) stress within the cell, respectively, whereas heme-regulated inhibitor responds to oxidative stress. Furthermore, the PKR pathway is activated by double-stranded RNA from viruses and elicits a number of downstream antiviral responses (14) .
In addition to the ISR, signaling pathways dependent on the kinase mammalian target of rapamycin (mTOR) also play major roles in the control of gene expression in response to multiple metabolic cues, including AA and growth factor levels, oxygen tension, and cellular ATP levels (15) (16) (17) . Similar to the ISR, mTOR inhibition during metabolic starvation also results in translation initiation inhibition; whereas ISR induction targets eIF2␣, mTOR inhibition blocks the initiation step of translation through the dephosphorylation of eIF4E-binding proteins (18) .
We recently demonstrated that infection with intracellular bacterial pathogens resulted in the induction of an AA starvation response in host cells and that this process was part of a defense program that promoted autophagy induction in infected host cells (19 -22) . In addition to autophagy, AA starvation in infected host cells resulted in a global inhibition of mTOR and induction of the GCN2/eIF2␣/ATF3 signaling axis of the ISR. Interestingly, the kinetics of AA starvation during infection differed among bacteria; indeed, although infection with Shigella resulted in a sustained AA starvation (21) , this effect was only transient (peaking at 1-2 h postinfection) in Salmonella-and Listeria-infected cells (21, 22) . Mechanistically, the induction of an AA starvation response in infected cells was shown to be dependent on host membrane damage (19) .
Although the induction of AA starvation responses was shown to trigger protective autophagic responses in infected cells, it remains unclear whether other cellular processes affected by AA starvation could play a role in host defense against bacterial pathogens. We speculated that this would likely be the case given the critical importance played by mTOR signaling and the ISR pathway in the control of numerous cellular processes. Here we demonstrate that bacterial infection dramatically affected spliceosomal U snRNA maturation and that this regulation was dependent on the induction of metabolic stress pathways. Importantly, our results further indicate that this regulation directly impacted the induction of NF-Band ATF3-dependent signaling in infected cells. We propose that the control of U snRNA maturation, similar to translation initiation, represents an important checkpoint linking metabolic stress with host defense.
Experimental Procedures
Antibodies and Reagents-Rabbit anti-ATF3 (sc-188), rabbit anti-ATF4 (sc-200), mouse anti-DDX20 (sc-57007), rabbit anti-DDX20 (H-145), and mouse anti-TMG (K121) were obtained from Santa Cruz Biotechnology. Mouse anti-tubulin clone DM1A (T9026) was from Sigma-Aldrich. Rabbit anti-mTOR (7C10) and rabbit anti-Ge-1 were from Cell Signaling Technology. Rabbit anti-DDX6 (A300-460A) was from Bethyl Laboratories. Mouse anti-puromycin (clone 4G11) was from Millipore. Mouse anti-ribosomal rRNA 5.8S was from Novus Biologicals. Anti-SMN was from the Dr. Glenn Morris (Oswestry, UK). Mouse anti-Sm (Smith antigen Y12, ab3138) was from Abcam. FITC-conjugated goat anti-rabbit and Cy3conjugated goat anti-mouse antibodies were from Jackson ImmunoResearch Laboratories. 4Ј,6-Diamidino-2-phenylindole (DAPI) was from Vector Laboratories. Rapamycin was from LKT Laboratories. Thapsigargin, cycloheximide, puromycin, and carbonyl cyanide m-chlorophenylhydrazone were from Sigma-Aldrich. Pateamine A was a gift from Dr. Imed Gallouzi (McGill University). Krebs-Ringer bicarbonate (KRB) buffer contained 118.5 mM NaCl, 4.74 mM KCl, 1.18 mM KH 2 PO 4 , 23.4 mM NaHCO 3 , 5 mM glucose, 2.5 mM CaCl 2 , and 1.18 mM MgSO 4 , pH 7.6.
Cell Culture and Bacterial Strains-The human epithelial HeLa cell line (American Type Culture Collection) was cultured as described previously (21) . The bacterial strains Shigella flexneri (invasive M90T strain), Salmonella Typhimurium (SL1344), and Listeria monocytogenes (10403S) were grown in tryptic soy broth (BD Biosciences), Luria-Bertani broth (Invitrogen), and brain-heart infusion broth (BD Biosciences), respectively.
Bacterial Infections-Overnight bacterial cultures of Shigella, Salmonella, and Listeria were used for infection as described previously (21) .
Immunofluorescence Microscopy Analysis-Samples were fixed onto coverslips with 4% formaldehyde for 10 min at room temperature, rinsed three times in PBS for 5 min, permeabilized via 0.1% Triton X-100 for 10 min, and incubated with antibodies as described previously (21) .
Western Blotting, RNA Isolation, and Quantitative RT-PCR-Western blotting, RNA isolation, and quantitative RT-PCR were performed as described previously (21) . Short Hairpin RNA (shRNA) Lentiviral Transduction-shRNA sequences for transient lentiviral knockdown were cloned into the pLKO.1 vector (Addgene) and transfected along with the lentiviral packaging/envelope vectors psPAX2 and pMD2.G into HEK 293T cells using Lipofectamine 2000 (Life Technologies). Supernatants were collected 48 h post-transfection, and HeLa cells were transduced with 1-2 ml of lentiviral particles. The cells were selected with puromycin 24 h posttransduction and harvested after 3-4 days of selection. The following sequences were used: ATF3, 5Ј-TCACAGGAAGAA-AGCAGAAAGTTCA-3Ј; ATF4, 5Ј-CCTCAGTGCATAAAG-GAGGAA-3Ј; DDX20, 5Ј-GAATTCCAGTGATCCAAG-TCT-3Ј and 5Ј-GCACAGCAGAGCACAACATTT-3Ј.
U Body Quantification-Cells with two or more U bodies for each condition were manually quantified upon immunofluorescence staining and represented as a percentage over the total number of cells counted. For each analysis, at least 100 cells from randomly selected fields were counted for each time point and condition in at least three independent experiments. Results are expressed as means Ϯ S.E. of data obtained in these independent experiments.
Surface Sensing of Translation (SUnSET) Assay-The SUn-SET assay was conducted as described previously (27) . Cells were stimulated with either thapsigargin, KRB buffer, or cycloheximide or infected with Shigella. After 4 h, puromycin (10 g/ml) was added directly to the cells for 10 min. Cells were then harvested and analyzed via Western blotting or immunofluorescence as described above. Puromycin antibody was used at 1:10,000 dilution for Western blotting and at 1:12,500 for immunofluorescence.
Super-resolution Microscopy-Images were acquired on a Zeiss Elyra SP1 super-resolution microscope using structured illumination microscopy imaging mode. The microscope was equipped with a 63ϫ/1.4 Plan-Apo objective with a zoom factor of 1.7, producing a final effective voxel size of 40 nm lateral and 90 nm axial. Rendering was done with Imaris Bitplane software using a surface detail level of 10 nm and automatic thresholding.
Statistical Analysis-Significant differences between mean values were evaluated using a one-sample or unpaired Student's t test using Prism 5.0. All the experiments presented are representative or pooled from at least three independent experiments.
Results
Bacterial Infection Affects U snRNA Levels and Splicing and Induces U Bodies-Spliceosomal U snRNAs are transiently exported to the cytosol after synthesis at which point the U snRNAs are escorted by proteins of the SMN complex and receive a TMG cap that is unique to this class of RNAs (2) . Using an antibody recognizing the TMG cap of U snRNAs, we serendipitously observed that human epithelial HeLa cells infected with the invasive bacterial pathogen S. flexneri displayed reduced levels of nuclear TMG staining ( Fig. 1A) indicative of decreased levels of mature U snRNAs. The decline in U snRNA levels was particularly evident in heavily infected cells ( Fig. 1A, arrows) . Using quantitative PCR, we further observed that, although the total level of all U snRNAs was down-regu-lated, albeit modestly, in Shigella-infected cells, there was a dramatic reduction of cytosolic U snRNAs that co-immunoprecipitated with SmB/BЈ of the Sm complex in infected cells ( Fig.  1B ), suggesting that Shigella infection likely inhibited the cytosolic stage of U snRNA maturation. In agreement, the cytosolic levels of both DDX20, a component of the SMN complex also known as Gemin 3, and the SMN protein were decreased upon Shigella infection, whereas the nuclear levels remained unchanged (Fig. 1C) .
The above results prompted us to analyze further the impact of Shigella infection on the U SnRNA-interacting proteins of the SMN and Sm complexes. Using antibodies against DDX20 and SMN in immunofluorescence experiments, we observed in uninfected conditions that DDX20 and SMN stainings were diffuse in the cytosol and found in discrete nuclear foci known as gems ( Fig. 2A, top) . Strikingly, infection with Shigella resulted in the accumulation of bright cytosolic DDX20 ϩ and SMN ϩ foci in infected cells ( Fig. 2A, bottom) . In heavily infected cells, SMN ϩ cytosolic foci were found in greater number than DDX20 ϩ foci; DDX20 ϩ foci were always also SMN ϩ . DDX20 ϩ foci also contained the U snRNA-associated protein SmB/BЈ ( Fig. 2B ) and were partially positive for TMG cap staining ( Fig.  2C ), suggesting that these cytosolic foci contain maturing U snRNAs associated with the SMN complex and the heptameric Sm ring. However, it is worth noting that TMG staining was faint in these foci and often even undetectable (data not shown), suggesting that DDX20/SMN ϩ foci did not always contain U snRNAs. Moreover, we observed that the number of DDX20 ϩ foci increased over time in Shigella-infected cells (Fig. 2D ). DDX20 ϩ foci were also identified in the cytosol of the human intestinal epithelial cell line SW480 following infection with Shigella (data not shown).
A recent report showed that U snRNA could be degraded in cytosolic processing bodies (P bodies) (23) . Because infection with Shigella resulted in decreased levels of U snRNAs and a strong decline in Sm complex-associated cytosolic U snRNAs (see above), we aimed to identify whether cytosolic DDX20 ϩ foci were associated with P bodies. Using an antibody against DDX6, a marker of P bodies, we observed that although DDX20 was absent from DDX6 ϩ P bodies in the uninfected condition ( Fig. 3A ) a remarkable co-localization of DDX20 ϩ foci with P bodies was observed in cells infected with Shigella for 1 h (Fig.  3B ), thus strongly suggesting that SMN complex-associated U snRNAs are rerouted to P bodies for degradation during infection. Super-resolution imaging identified various degrees of fusion between DDX20 ϩ foci and P bodies ( Fig. 3C ). A similar cytosolic structure containing the SMN complex and associated with P bodies has been previously reported in Drosophila ovarian nurse cells and was named U body (24) . As we believe the DDX20 ϩ foci observed here in mammalian cells are equivalent to U bodies found in Drosophila ovaries, we used the latter term herein.
Although the co-localization between U and P bodies was obvious in the early times of infection (1-2 h postinfection (p.i.)), we also noticed that the number of DDX6 ϩ P bodies sharply declined at 3-4 h p.i., whereas U bodies continued to accumulate (Fig. 4, A and B) . This observation was confirmed using an antibody against Ge-1, another marker of P bodies ( Fig. 4C ). Quantification of DDX6 ϩ P bodies in Shigella-infected cells revealed that P body decline started as early as 1 h p.i. (Fig. 4D ). Although the molecular mechanism underlying this P body decline remains unclear, we noticed that mitochondrial stress induced by the H ϩ ionophore carbonyl cyanide m-chlorophenylhydrazone also resulted in P body disappearance ( Fig. 4E ). Because we previously noticed that Shigella infection causes mitochondrial stress (25) , it is possible that Shigella alters P body number as a result of mitochondrial stress.
Stress granules (SGs) represent another type of cytosolic RNA granules that are induced by stress. Our previous work demonstrated that SGs are induced by Shigella infection (21) and accumulate with similar kinetics as U bodies, indicating a possible link between these two types of RNA granules. However, simultaneous visualization of SGs and U bodies using antibodies against Tia-1 and DDX20, respectively, revealed that these structures were mainly mutually exclusive in infected cells ( Fig. 4F ) as SGs and U bodies were rarely observed in the same cells. Together, these results identify U bodies as a new type of cytosolic structures induced by infection and define their relationship with the well characterized P bodies and SGs.
We next aimed to determine whether U body formation was specific to Shigella infection. Interestingly, we observed that U bodies formed in cells infected with Salmonella ( Because we previously showed that Shigella induces a sustained inhibition of mTOR signaling (21) , whereas this effect was only transient in both Salmonella-and Listeria-infected cells (21, 22) , we hypothesized that U body formation in infected cells could be driven by mTOR inhibition. In support for this, U body accumulation in Salmonella-infected cells correlated with a decline in the localization of mTOR to endomembranes ( Fig. 6A ), which is indicative of mTOR signaling inhibition caused by AA starvation (26) .
Intracellular bacteria trigger host membrane damage, resulting in the induction of an AA starvation pathway dependent on inhibition of mTOR (21) . To directly demonstrate that this pathway was responsible for the formation of U bodies in infected cells, we used a Salmonella mutant strain, ⌬SPI-1/Inv, which invades epithelial cells efficiently but does not induce Salmonella pathogenicity island (SPI)-1-dependent membrane damage (19) . Although wild type (WT) Salmonella triggered U body formation in cells accumulating the membrane damage marker NDP52, infection with ⌬SPI-1/Inv Salmonella resulted in dramatically reduced number of U bodies (Fig. 6, B and C) , thus suggesting that Salmonella induces U bodies through a pathway dependent on membrane damage. In agreement, aseptic membrane damage caused by digitonin, transfection reagents, or the lysosomal damaging drug glycyl-L-phenylalanine 2-naphthylamide (GPN) all triggered accumulation of U bodies (data not shown). Finally, to directly demonstrate that the reduced levels of U bodies in cells infected with ⌬SPI-1/Inv Salmonella were not due to active suppression of U bodies by the bacteria but caused by the reduced level of membrane damage, cells were infected with ⌬SPI-1/Inv Salmonella in the presence of GPN. Addition of GPN was sufficient to trigger U body formation (Fig. 6D ), thus demonstrating that U body formation in Salmonella-infected cells is caused by membrane damage.
Metabolic Stress Induces Reversible Accumulation of U Bodies-The above results suggest a link between bacteriuminduced AA starvation response, mTOR inhibition, and perhaps other stimuli that induce metabolic stress response pathways in the induction of U bodies. Consistently, incubation of cells in an AA starvation medium or treatment with the ER stress inducer thapsigargin potently triggered the formation of U bodies, which co-localized with P bodies, and a decrease in TMG staining (Fig. 7, A and B) . Importantly, addition of the mTOR inhibitor rapamycin also triggered U bodies (Fig. 7C) . In contrast, viral infection, stimulation with TNF, or the bacterial peptidoglycan molecules muramyl dipeptide and C12-iE-DAP failed to induce U bodies ( Fig. 7C and data not shown) . Moreover, other cellular stresses, such as serum starvation, mitochondrial depolarization, hypoxia, PI3K inhibition, and oxidative stress, did not induce U bodies (data not shown), suggesting that this process was specifically associated with certain metabolic stresses. Interestingly, we also observed that the accumulation of U bodies was reversible as replacement of the AA starvation buffer with normal medium resulted in rapid disappearance of U bodies (Fig. 7D ). Together, these results demonstrate that the targeting of U snRNPs to P bodies is a reversible cellular response to metabolic stress inducers, including AA starvation, ER stress, and mTOR inhibition.
U Body Formation Is Dependent on Translation Initiation Inhibition and ATF4/ATF3 Expression-Down-regulation of mTOR activity, AA starvation, and ER stress, stimuli that all trigger U body formation, have the common consequence of inhibiting translation initiation (Fig. 8A ), but it is unclear whether infection with intracellular pathogens elicits a similar blockade. Using a SUnSET assay to monitor translation activity (27) , we observed that Shigella infection and metabolic stress conditions indeed caused translation inhibition (Fig. 8, B and  C) . Interestingly, treatment with pateamine A, a specific inhibitor of translation initiation, was sufficient to trigger U bodies in the absence of infection or metabolic stress (Fig. 8D ). In contrast, the translation elongation inhibitors cycloheximide and puromycin failed to induce U bodies (Fig. 8D) , demonstrating that down-regulation of the initiation phase of translation (and not translation inhibition in general) is critical for this process. Notably, in contrast to cells infected with Shigella (see Fig. 4F above), most cells treated with pateamine A accumulated both SGs and U bodies, and moreover, a significant proportion of the U bodies induced by pateamine A treatment appeared to localize adjacent to cytoplasmic SGs (Fig. 8E ), suggesting a potential functional link between U bodies and SGs during translation initiation inhibition.
A well characterized consequence of translation initiation inhibition is the activation of the ATF4/ATF3 signaling axis (28) . Although knockdown of ATF3 expression ( Fig. 9A ) did not affect the number of DDX20-positive nuclear gems, it significantly decreased the number of cytosolic U bodies in response to metabolic stress ( Fig. 9, B-D) ; similar results were obtained following ATF4 knockdown (Fig. 9, E and F) . Thus, the ATF4/ATF3 signaling axis controls U body formation in response to metabolic stress and translation initiation inhibition.
Knockdown of the U Body Component DDX20 Amplifies ATF4/ATF3-and NF-B-dependent Signaling-The above results suggest that the modulation of U snRNA cytosolic maturation represent an adaptive cellular response to metabolic stress and bacterial infection. To further delineate the functional importance of targeting cytosolic U snRNA maturation and levels during metabolic stress, we directly targeted the U snRNA maturation step by knocking down the expression of the essential SMN complex component DDX20 (Fig. 10A ) using shRNA. Interestingly, cells expressing shRNA against DDX20 (shDDX20) displayed increased expression of ATF4 in response to Shigella infection or stimulation with the ER stress inducer thapsigargin as compared with control cells expressing shRNA against a scrambled sequence (shSCR) (Fig. 10B ). Similarly, ATF3 expression was increased in shDDX20 cells (Fig.  10C ) in response to Shigella, thapsigargin, and AA starvation, thus showing that targeted down-regulation of SMN complex function results in increased cellular responses to metabolic stress. This further suggests the existence of a positive regulatory feedback loop amplifying the activation of the ATF4/ATF3 axis through reduced U snRNA maturation during metabolic stress.
In addition to the ATF4/ATF3 signaling axis, infection with Shigella results in a potent activation of a proinflammatory pathway dependent on NF-B. Using an NF-B-dependent luciferase reporter construct, we observed that NF-B activation by Shigella (Fig. 10D) and MyD88 (Fig. 10E ) overexpression were increased in shDDX20 cells compared with shSCR cells in agreement with a previous study that identified a role for DDX20 in NF-B signaling (29) . This potentiation effect was specific to NF-B because induction by the mitochondrial antiviral signaling protein of a luciferase reporter whose expression is regulated by an interferon-sensitive response element was similar in shDDX20 and shSCR cells ( Fig 10F) . Thus, targeting the U snRNA maturation step through knockdown of DDX20 amplifies cellular stress and proinflammatory responses to the bacterial pathogen Shigella, suggesting a role for this process in innate immunity.
Discussion
Here we report that upon metabolic stress various components of the splicing machinery are relocalized into cytosolic granules known as U bodies. Furthermore, we show that ER stress, AA starvation, and bacterial infection result in a decrease in cytosolic U snRNA levels. Because of their co-localization with cytosolic P bodies, it is possible that U snRNAs are being sent to P bodies for degradation as a means of fine-tuning their availability for splicing during times of stress. In support of this, Shukla and Parker (23) recently demonstrated that defective U snRNAs are degraded within P bodies in yeast and that this interaction represents a major quality control mechanism for assembly-defective U snRNAs. It is possible that even minute fluctuations in the homeostatic ratios of U snRNAs to mRNAs present within the cell could have global effects on splicing, and U bodies may thus represent a means of restoring this balance during times of metabolic stress when transcription and mRNA levels drop. The fact that U bodies co-localize with P bodies (24) and are regulated by nutrient starvation (30) in Drosophila cells suggests that the process characterized here is conserved in evolution.
We also showed that localization of U snRNAs and other core spliceosomal factors into cytosolic U bodies is a reversible phenomenon as the percentage of U body-positive cells observed in AA starvation condition decreased to control levels upon addition of complete DMEM. The dependence of U bodies on a persistent metabolic stress raises the possibility that U snRNAs are sent to U bodies to be stored rather than degraded, a process akin to that by which mRNA transcripts are sent to SGs for storage as a means of more rapid translation of those transcripts once the stress has been relieved. Hua and Zhou (31) FIGURE 6. Bacterium-induced U body formation is dependent on membrane damage. A and B, immunofluorescence of HeLa cells infected with either WT or ⌬SPI-1/Inv Salmonella for 2 h and stained for DDX20, mTOR, or NDP52. C, quantification of percentage of cells positive for U bodies in WT-versus ⌬SPI-1/Inv Salmonella-infected HeLa cells over 4 h. D, immunofluorescence of HeLa cells infected with ⌬SPI-1/Inv Salmonella for 2 h followed by a 15-min (15Ј) treatment with GPN and stained for NDP52 and DDX20. Bars represent the means Ϯ S.D. of three biological replicates. ***, p Ͻ 0.001; **, p Ͻ 0.01. demonstrated that SMN localizes to stress granules in the cytosol and is implicated in their assembly during times of oxidative stress. The frequent positioning of U bodies adjacent to stress granules in the cytosol (see Fig. 8E ) supports the notion that U bodies and SGs can exchange material, although further work would be needed to elucidate whether this were the case.
In addition to the maturation and assembly of U snRNAs, there is also evidence suggesting that DDX20 may play a role in regulating gene expression via microRNAs. Indeed, it is interesting to note that DDX20/Gemin 3 has been identified early on as a core member of the RNA-induced silencing complex (32, 33) , a complex that is essential for microRNA-mediated RNA silencing. The facts that RNA-induced silencing complex members, such as Argonaute-2, have been observed in both P bodies and stress granules and that U bodies often co-localize with these structures suggest that perhaps DDX20 plays a splicingindependent role, utilizing its helicase function in directing microRNAs into the RNA-induced silencing complex. If this were the case, the formation of U bodies could represent a way to regulate the microRNA machinery in a metabolic stress-dependent manner by incorporating the RNA helicase DDX20 into the RNA-induced silencing complex. Whether metabolic stress regulates microRNA activity in a DDX20-dependent manner remains to be characterized.
Consistent with the notion that DDX20 expression can regulate microRNA activity, Takata et al. (29) observed that DDX20 knockdown resulted in impaired function of the NF-B-suppressive microRNA miR-140-3p. Using luciferase reporter plasmids, it was observed that DDX20-deficient cells display increased NF-B activity as well as increased expression of IL-8 in response to TNF␣ stimulation (29) , and this enhancement of NF-B activity was attributed to impaired suppressive function of the microRNA-140.
It is well characterized that inhibition of translation initiation serves as a critical checkpoint in the regulation of metabolic stress because it represents the converging point of stress-associated pathways regulated by the eIF2␣ kinases and by mTOR signaling. This regulatory system plays a fundamental role in cellular adaptation to nutrient stress and is conserved from yeast to mammals. Importantly, the translation initiation checkpoint serves two major roles: (i) to down-regulate the energy-demanding translation activity in conditions of limited access to nutrients, thereby making resources available to other vital cellular processes, and (ii) to trigger cellular stress responses pathways, such as the ATF4/ATF3 signaling axis, that favor cellular adaptation to metabolic stress in part through the up-regulation of processes aiming at increasing access to nutrient, such as the expression of AA transporters. Our data suggest that the dynamic regulation of U snRNAs at the level of their cytosolic maturation may represent another important checkpoint during metabolic stress. Although the main purpose of this regulation might be the fine-tuning of U snRNA levels to avoid unnecessary use of metabolites in nutrient-poor conditions, our results with shDDX20 cells suggest that, similar to the translation initiation checkpoint, the control of U snRNA maturation also likely contributes to the cellular adaptation to metabolic stress and to host defense by controlling ATF3-and NF-B-dependent pathways. In this context, it is interesting to notice that U body formation is dependent on translation initiation inhibition, suggesting that these two checkpoints are tightly interconnected.
We report here that the relocalization of the splicing machinery into U bodies is also induced upon infection with the intracellular bacteria Listeria, Salmonella, and Shigella. Notably, the kinetics of U body induction parallels the kinetics of starvation induced by the intracellular lifestyles of the pathogens (19, 21, 22) . We observed that during Shigella infection, similar to the progressive increase in the phosphorylation levels of GCN2 and eIF2␣, U body induction increased progressively throughout the infection. Listeria and Salmonella in contrast induce a transient state of amino acid starvation that peaks at 1-2 h p.i., a trend we report to also be the case for U body formation (19, 21, 22) . Our data suggest that the mTOR pathway, which is inhib-ited upon infection and is associated with cell stress, energy, and growth, is also implicated in U body formation as inhibition of mTORC1 via rapamycin is a potent inducer of U bodies and inhibition of the mTOR pathway in response to Shigella, Salmonella, or Listeria infection also occur with kinetics that correlates with U body formation (21) . Lastly, membrane damage induced by Salmonella type 3 secretion system virulence factors or aseptically via digitonin or GPN appears to be required for both the starvation response and U body induction.
Notably, we observed that Shigella infection not only results in an accumulation of cytosolic U bodies but also leads to disassembly of P bodies by 4 h p.i. This finding is consistent with a report by Eulalio et al. (34) in which the authors observed that both Salmonella and Shigella infections resulted in a significant reduction in the number of cytosolic P bodies, a result that was most notable at mid-to late phases of infection. Interestingly, staining for Tia-1-positive SGs in Shigella-infected cells revealed that the formation of U bodies and SGs appears to be mutually exclusive events during infection. Notably, this phe- nomenon was not observed upon treatment with the translational inhibitor pateamine A, which induced both U bodies and SGs with the structures often localized adjacent to one another. It would be of interest to examine the localization of other SG markers, such as eIF4F, eIF4B, and poly(A)-binding protein, to confirm whether mutual exclusivity with U bodies upon infection is representative of the global population of SGs or merely a subset of Tia-1-positive SGs (35) . There have been many reported examples of Shigella manipulation of host functions, such as protein synthesis, and given that Shigella induces translational arrest upon infection, it would be interesting to explore whether pathogens exploit the P body/SG/U body axis to subvert host defenses.
By providing a novel link among U snRNA levels, the SMN complex, and cellular adaptation to metabolic stress, our data might have implications for the understanding of SMA, a severe neurodegenerative disease that results from a genetic defect in SMN1, which encodes SMN (2) . Importantly, variable residual expression of SMN is observed in SMA patients despite SMN1 defects because of the existence of SMN2, a duplicated gene encoding an identical SMN protein, and pathology severity inversely correlates with the levels of residual SMN expression from SMN2. SMN2 expression only partially rescues the SMN1 defect because of a silent mutation affecting alternative splicing of exon 7, which generates a shorter and unstable protein (36) . Based on our data, one might speculate that a severe decrease in SMN levels would alter the cellular capacity to physiologically and reversibly regulate U snRNA levels during metabolic stress, resulting in increased sensitivity to metabolic stress. It would be of interest to determine whether metabolic stress is a critical driver of neuronal cell death in SMA. In support for this, several recent findings have highlighted a link between sensitivity of SMA cells and metabolic pathways, including those dependent on mTOR (37), phosphatase and tensin homolog (38) , and autophagy (39, 40) . In light of our results, we speculate that increasing autophagy would reduce the sensitivity of SMA cells undergoing AA starvation by providing an additional source of AA. Similarly, increasing the activity of neurotrophic cells that provide nutrients to the motor neurons of the spinal cord could contribute to protect these cells from cell death in SMA patients. Another interesting angle would be to characterize the effect of metabolic stress on the usage versus skipping of SMN2 exon 7. Notably, a recent report showed that the SMN2 splicing defect was exacerbated by starvation (41) , reinforcing the notion that metabolic stress might be a key aspect of neuronal sensitivity in SMA.
Although the mechanisms that control and coordinate the activity of the splicing machinery remain poorly defined, regulated expression of splicing-associated factors, such SF2/alternative splicing factor (42), polypyrimidine tract-binding proteins (43), or SR proteins (44) , can affect splicing globally. In contrast, the synthesis and cytosolic maturation of U snRNPs, which represent essential building blocks of the spliceosome, are generally believed to be constitutively active and not subject to extensive cellular regulation, although a previous study showed that the activity of the SMN complex was regulated by oxidative stress (45) . Interestingly, widespread pre-mRNA splicing defects in numerous transcripts have been reported in SMN-deficient tissues and can be attributed to alterations in the levels of mature U snRNAs (46) , suggesting that the dynamic control of U snRNA levels might play a role in splice site determination and thereby in alternative splicing regulation. In this regard, our study reveals a possible new mechanism through which the cellular splicing program could be globally altered that is potentially dependent on the regulation of U snRNA levels through redirection of the cytosolic pool of maturing U snRNAs toward degradative P bodies, resulting in the formation of U bodies. Future studies should reveal whether the control of U snRNA levels and U body formation result in a global reprogramming of alternative splicing in conditions of metabolic stress. 
